Large diameter cells in rat deep cerebellar nuclei (DCN) can be distinguished according to the generation of a Transient or Weak rebound burst and the expression of T-type Ca 2+ channel isoforms.
and a differential activation of AHPs that establish distinct levels of membrane excitability.
Introduction
The cerebellum is a highly organized brain structure responsible for the coordination, learning and timing of motor movements. The neurons of the deep cerebellar nuclei (DCN) provide the last stage of cerebellar information processing by integrating an array of excitatory and inhibitory sensorymotor input. The dominant projection to the DCN is an inhibitory input from axons of Purkinje cells in the cerebellar cortex (Chan-Palay 1977; Ito et al. 1970; Teune et al. 1998) . The DCN also receive collaterals from the two major excitatory inputs to the cerebellum, the mossy fibers and climbing fibers (Eller and Chan-Palay 1976; Kitai et al. 1977; Shinoda et al. 2000) . As the sole output of the cerebellum, all neural processing accomplished by the cerebellum is filtered through the firing dynamics of DCN neurons prior to their projection onto numerous centers throughout the brainstem and thalamus (Teune et al. 2000) .
Morphologically, the neurons of the rat DCN have been distinguished according to a large or small soma diameter, presumably representing projection neurons or local GABAergic interneurons, respectively (Czubayko et al. 2001; Sultan et al. 2003) . A spontaneous, tonic discharge is present in DCN neurons at rest that is independent of synaptic input (Raman et al. 2000) . Alternatively, DCN cells can fire bursts of action potentials that can be correlated with specific movements (Chen and Evinger 2006; Ohtsuka and Noda 1992; 1991; Raman et al. 2000) . The ability to generate a rebound depolarization in vitro can show considerable variability, but has been reported for large diameter cells (Aizenman and Linden 1999; Czubayko et al. 2001; Jahnsen 1986) . The rebound depolarization involves low voltage-activated (LVA) T-type (Cav3.x) Ca 2+ channels, allowing a sufficient hyperpolarization to deinactivate Cav3 channels and upon release generate a rebound depolarization and burst of action potentials (Aizenman and Linden 1999; Czubayko et al. 2001; Llinas and Muhlethaler 1988) . We recently distinguished two distinct phenotypes of large diameter DCN cells based on the properties of rebound bursts (Transient Burst or Weak Burst) and their expression of specific Cav3 Ca 2+ channel isoforms (Molineux et al. 2006) . The rebound depolarization of Transient Burst neurons is characterized by a brief high frequency burst of action potentials followed by a return to tonic firing over ~1 sec, whereas Weak Burst cells produce a lower frequency burst of spikes that can persist for several seconds. Transient Burst neurons express Cav3.1 Ca 2+ channels and can correspond to either GABAergic or non-GABAergic cells, while Weak Burst cells express the Cav3.3 channel isoform and are putative excitatory (non-GABAergic) cells (Molineux et al. 2006 ).
The role(s) for rebound burst discharge in DCN neurons has not been fully elucidated. In vivo recordings have begun to identify DCN cells with different firing patterns that discharge with respect to specific aspects of the eyelid blink response or saccadic eye movements (Chen and Evinger 2006; Ohtsuka and Noda 1992; 1991) . Some theories of cerebellar function also depend on DCN rebound spiking to drive reverberating loops that have implications to the acquisition and timing of motor movement (Kistler and De Zeeuw 2003; Kistler et al. 2000) . Studies in vitro have further shown that plasticity of Purkinje cell IPSPs and of mossy fiber input depends on rebound depolarizations in DCN neurons (Aizenman et al. 1998; Pugh and Raman 2006) . The distinct burst phenotypes apparent in DCN cells will therefore govern many important responses to synaptic input and determine their role in cerebellar output.
Our previous tests uncovered differences between Transient and Weak Burst cells in terms of the contribution of Ca 2+ spike responses to the rebound depolarization (Molineux et al. 2006) .
Specifically, when recorded in the presence of blockers of Na + and HCN channels, only the Transient Burst cell type routinely exhibits an active Ca 2+ spike response as part of the rebound from a hyperpolarization. Nonetheless, both cell types proved capable of generating Ca 2+ spikes during the rebound in the presence of K + channel blockers. The dramatic differences in rebound spiking characteristics between cells may then reflect differences in the underlying Cav3 current or their interplay with voltage-and/or Ca 2+ -activated K + (K Ca ) channels. The present study used patch clamp recordings in rat cerebellar slices to identify the ionic basis of spike and rebound burst firing behaviour between cells exhibiting either a Transient or Weak Burst phenotype. We found that the two burst phenotypes derive primarily from differences in the availability of LVA Ca 2+ current near threshold for the rebound response and the influence of two families of K Ca channels underlying spike afterhyperpolarizations.
Methods

Animal care
Sprague-Dawley rats over the range of P14 -P20 were obtained from Charles River, Canada, and procedures were conducted according to guidelines approved by the local Animal Care Committee and the Canadian Council for Animal Care.
Electrophysiology
All chemicals were obtained from SIGMA (St. Louis, MO) unless otherwise noted. Whole cell current clamp recordings were obtained using the Axoclamp 2A, 700A or 700B amplifiers (Axon Instruments, Sunnyvale, CA) and whole cell voltage clamp recordings with the Axoclamp 700B. Data was collected and digitized at 20 kHz and and filtered at 10 kHz using a Digidata 1322A and pClamp 8 or 9 software (Axon Instruments, Sunnyvale, CA). Tissue slices of cerebellum were prepared as detailed in Molineux et al. (2006) . Briefly, artificial cerebrospinal fluid (aCSF) was composed of (mM): NaCl (125), KCl (3.25), CaCl 2 (1.5), MgCl 2 (1.5), NaHCO 3 (25) and D-glucose (25) preoxygenated with carbogen (95% O 2 , 5% CO 2 ) gas. Rats were anesthetized with sodium pentobarbital (MTC Pharmaceuticals, Cambridge, ON) and the cerebellum removed. Parasagittal tissue slices of 220 µm thickness were cut using a Leica VT1000S vibratome under ice cold conditions, incubated at 35 °C for 20 min and then allowed to cool to room temperature (~21 °C).
Individual slices were subsequently transferred to the recording chamber on the stage of a Zeiss Axioskop FS-2 or a Olympus BX-51 microscope to be maintained as a submerged preparation at 35
°C. Neurons were visualized using differential interference contrast optics and infrared light transmission (DIC-IR) and recordings obtained in any of the three DCN nuclei (medial, interposed, and lateral). All recordings were carried out in synaptic blockers that were bath applied after obtaining the initial seal: picrotoxin (50 µM), DL-2-amino-5-phosphonopentanoic acid (DL-AP5; 25 µM), 6,7-dinitroquinoxolinedione (DNQX; 10 µM; Tocris Cookson, Ellisville, MO), and CGP 55845 (1 µM;
Tocris Cookson, Ellisville, MO). In some cases ZD7288 (10 µM; Tocris Cookson, Ellisville, MO) or Cs + (2 mM) was bath applied. All other channel blockers were bath applied, with the exception of charybdotoxin, which was applied focally through a pressure electrode.
After the initial break-in to whole cell current clamp configuration the bias current was adjusted to set the resting tonic firing frequency of each cell to ~14 Hz for consistency of spike parameter measurements. This frequency range is very near to natural spiking frequency of DCN cells under our recording conditions and most often no bias current was required. However, the maximum bias current allowed was 60 pA as greater currents indicated problems with cell health or the condition of the seal. Each cell was also tested across a full current range to plot the F-I relation and fit the gain (Hz/pA) to ensure that the 14 Hz baseline was not an outlying point. Pipettes had a resistance of 3 -6 MΩ with access resistance of 6-12 MΩ (80 % compensation was achieved during voltage clamp). Our internal solution for current clamp recordings consisted of (mM): K-gluconate (130), EGTA (0.1), HEPES (10), NaCl (7), MgCl 2 (0.3), di-tris-creatine phosphate (5), Tris-ATP (2) and Na-GTP (0. and synaptic blockers in the bath. When testing the effects of TTX using a simulated action potential, a square pulse was first low-pass filtered (second order butterworth) to decrease the rate of rise and fall of the current command. No afterhyperpolarization was added to the waveform in order to prevent any offset of a depolarizing afterpotential (DAP). The rate of rise and fall of the waveform was adjusted as required to deliver an equivalent test spike-like response as found in control conditions.
Cells were filled for histology using the procedures detailed in (Molineux et al. 2006) . Briefly, during whole cell recordings cells were filled with 1% neurobiotin contained in the electrolyte.
Following recordings the slice was fixed in 4% paraformaldehyde and reacted for streptavidin-Cy3 in a working solution of 0.1 M PBS and 1% dimethylsulphoxide (DMSO) for 24-48 hrs at 4 °C before being mounted on slides and coverslipped with anti-fade medium. Flourescent labeling was assessed using an Olympus FV300 BX50 confocal microscope (Carsen Group, Markham ON). Typically confocal images of 1 µm thickness were used to create a 2 dimensional extended focus projection of the cell soma and dendritic processes. The number of main dendritic branches projecting from the soma were counted, and the soma cross-sectional area (µm 2 ) was calculated from calibrated images in Photoshop.
Data analysis
Analysis of electrophysiological data was accomplished using custom software written in MatLab R2006a (MathWorks, Natick, MA). Spike threshold was determined through analysis of the voltage derivative and all other spike parameters measured relative to spike threshold. Voltage clamp analysis was restricted to determining the amplitude and peak latency of inward current evoked by a single step to -50 mV from a holding potential of -90 mV. Any residual capacitance artefact was removed digitally by subtracting inverted and scaled transients. Spike parameters such as frequency, spike width, fast AHP (fAHP) depth, etc. were measured using 5 sec of uninterrupted spiking at ~14
Hz for tonic data or the average of the first 5 spikes for rebound burst data. A calculated junction potential of 11 mV was subtracted from all current clamp recordings. In voltage clamp recordings the junction potential was not subtracted as the value was small (~ 2 mV) for the internal KCl solution.
Significant differences were assessed using 1 or 2 way ANOVA using Tukey's honest significant difference criterion. Observed versus expected frequencies were assessed using a χ 2 test. Averaged data are presented as mean ± SEM and statistical significance assessed at p < 0.05. cells in rat cerebellar nuclei could be distinguished on the basis of two distinct rebound burst phenotypes (Molineux et al. 2006) . A Transient Burst phenotype corresponds to either GABAergic or non-GABAergic large diameter cells, while a Weak Burst phenotype was only identified in nonGABAergic (putative excitatory) cells. A recent study in a GFP transgenic mouse line carried out an extensive analysis of DCN cell firing properties with respect to the expression pattern of GAD-67 (Uusisaari et al. 2007 ). This study attributed specific spike shapes and firing patterns to GAD+ and GAD-cells. In particular, it was reported that spike shape and a fAHP or slow AHP (sAHP) could be used to distinguish between GAD-and GAD+, with all GAD-cells exhibiting both a fAHP and sAHP.
The presence of a fAHP and sAHP in all of our recorded cells is consistent with the classification of Uusisaari et al. (2007) in representing a population of large diameter GAD-cells. An attempt to identify other distinguishing features in terms of spike properties or cell structure between rat Transient and Weak Burst cells proved ineffective as we were unable to distinguish any significant differences in cell soma diameter, number of primary dendritic branches, spike height or spike halfwidth ( Fig. 1 ). An estimate of total membrane capacitance (Cm) has been used in mouse DCN in an attempt to distinguish cell types, but we did not apply this given that only ~ 20% of cells (the largest GAD-cells) could be distinguished in this manner (Uusisaari et al. 2007 ). Rather, we rely on the initial classification of cells on the basis of a Transient or Weak rebound burst phenotype (Molineux et al. (2006) ), as these patterns have been clearly associated with the selective expression of Cav3 Ca 2+ channel isoforms. We also restrict our analysis to the properties of rebound discharge over the initial ~200 ms or 5 spike responses immediately following a membrane hyperpolarization.
Therefore, we recorded from 284 large diameter cells from the three DCN nuclei that we expect to be comprised primarily of non-GABAergic and presumed projection neurons. An extensive comparison of cell properties across nuclei has found that for the initial rebound response the difference in rebound burst frequency is always maintained at a level 8-20X greater for Transient than Weak Burst cells. No changes are found for a host of membrane properties or spike responses over the developmental time frame examined here (P14-P20). We therefore pooled all recordings according to burst phenotype to focus on the underlying ionic basis of rebound discharge. As described below, we find that several differences in rebound discharge and spike repolarization reflect essential differences in the ionic basis for Transient or Weak Burst firing patterns. Uusisaari et al. 2007 ). For consistency we adjusted each cell to this frequency using small amounts (< 60 pA) of amplifier bias current (see Methods). To distinguish between cells exhibiting either burst phenotype we used a hyperpolarizing current pulse to evoke a membrane potential shift to ~ -90 mV for 1 sec to ensure availability of any inactivating channels. Upon release from the hyperpolarizing influence a rebound depolarization was generated that allowed us to distinguish the burst phenotype.
Transient Burst cells responded immediately after a membrane hyperpolarization with a brief high frequency burst of 2-6 action potentials at frequencies that ranged from 169 Hz to 448 Hz (average of 234 ± 14 Hz; n = 47). Spike frequency during the rebound burst in Transient Burst cells was thus significantly higher than either the tonic firing or rebound burst frequency of any other cell type ( Fig. 2A-C) . The rebound burst in these cells was then usually followed by a brief pause before gradually returning to the tonic level of spiking over the course of ~ 1.5 sec. In contrast, cells exhibiting a Weak Burst never displayed a discrete high frequency or transient rebound burst phase.
Rather, these cells responded with a modest frequency increase of 37 ± 3 Hz (n = 62) that was significantly different from the original tonic firing frequency (14.3 ± 1 Hz, p < 0.05) (Fig. 2 , B and C), and significantly slower than rebound bursts of Transient Burst cells (Fig. 2D ). Weak Burst cells showed some variability in peak spike frequency and burst duration during a rebound, with a frequency increase of up to 137 Hz (n = 62) above the tonic firing rate ( Fig. 2A-C) . A comparison between a Transient Burst cell and three representative Weak Burst cells is shown in Figure 2 , A and B. The differences in initial spike frequency are seen more clearly by plotting the instantaneous frequency before and after a hyperpolarizing step sufficient to induce an intense burst in a representative Transient Burst cell (Fig. 2C ). We could find no justification for separating the Weak The procedure for examining LVA rebound current in most cases was to first assess the properties of the rebound spike burst in current clamp mode and then bath perfuse TTX (200 nM) before switching to voltage clamp. In this way we could first assess the properties of spike output and then test for the availability of LVA Ca 2+ current using a single step from -90 to -50 mV, a voltage equivalent to the threshold for rebound bursts in these cells. Voltage clamp recordings were carried out at 33-35°C to allow direct comparisons of inward currents evoked at physiological temperatures. We note that this voltage protocol had the potential to recruit the hyperpolarization-activated current I H that is also expressed in large DCN cells. However, I H has a relatively high threshold for activation in DCN neurons (>-100 mV) and would be expected to be less than 10 pA at -90 mV (Raman et al. 2000) . In agreement with this, we found that the inward current evoked at -50 mV was fast inactivating, suggesting that there is no contamination from I H in our protocol (Fig. 3A , inset). Steps more depolarized than -40 mV began to activate outward K + currents and eventually high voltageactivated (HVA) Ca 2+ currents with a variability in activation that suggested deterioration of our voltage clamp at more depolarized potentials. Restricting our analysis to a single -50 mV step potential thus provides a realistic estimate of the total LVA Ca 2+ current available at the threshold for burst discharge to examine possible differences in rebound Ca 2+ current available to drive a Transient vs Weak burst discharge.
These studies revealed a LVA, fast activating and inactivating inward current in both Transient and Weak Burst cells, but with differences in properties (Fig. 3A) . The Ca 2+ current in Transient Burst cell types was faster activating in reaching a peak in 17 ± 0.9 ms (n = 10) compared to 23 ± 2.8 ms (n = 11, p < 0.05) in Weak Burst cells (Fig. 3, A A separate set of experiments examined the sensitivity of LVA currents to Ca 2+ channel blockers using CsCl as the internal electrolyte in the presence of external TTX (200 nM) and CsCl (1 mM). Although rebound spike discharge could not be reasonably assessed under current clamp in these conditions, LVA currents again fell into two groups of less than ~200 pA (n = 5) and more than ~400 pA (n = 3); a distribution consistent with identified Transient and Weak Burst phenotypes. Lee et al. (1999) have shown that Cav3 Ca 2+ channel isoforms exhibit a differential sensitivity to external Ni 2+ , with Cav3.2 sensitive to concentrations as low as 100 µM while the IC 50 for Cav3.3 is ~300 µM.
Since our previous immunolabeling studies failed to identify an association of either of the two burst phenotypes with Cav3.2 expession, we chose to use 300 µM Ni 2+ to test for putative T-type channel contribution to the LVA current. Initial perfusion of 50 µM Cd 2+ to block HVA Ca 2+ channels had no significant effect on LVA current in either group ( Fig. 3A , inset; n = 8), while subsequent perfusion of 300 µM Ni 2+ nearly abolished the transient current in all cases ( Fig. 3A , inset; n = 7). We can also rule out the action of LVA Cav1.3 channels given previous work showing no effect of 5 µM nifedipine on the rebound Ca 2+ spike in the presence of TTX, or rebound spike bursts in DCN cells (Molineux et al. 2006 ). The combination of low threshold for activation, fast activation and inactivation, and sensitivity to Ni 2+ is then consistent with the identification of the LVA current as arising from Cav3 channels (Molineux et al. 2006) .
Comparisons between burst firing with the LVA Ca 2+ current available at -50 mV revealed a strong correlation between the peak value of Ca 2+ current and different aspects of rebound burst output. The peak value of Ca 2+ current recorded in individual Transient Burst cells showed a strong correlation to the number of spikes in a rebound burst (R = 0.92) (Fig. 3C ). The peak Ca 2+ current of Transient and Weak Burst cells and the frequency of the first five spikes in the immediate rebound phase was also highly correlated (R = 0.95) (Fig. 3D ).
It should be noted that these experiments cannot distinguish differences in the voltage dependence or expression density of LVA Ca 2+ channels between Transient and Weak Burst cells. Nor can they clarify the role of K + currents or Ca 2+ currents that will be active during the larger voltage excursion of the rebound spike burst. However, they do emphasize that the magnitude of LVA Ca 2+ current available at burst threshold translates directly to a change in the pattern of rebound burst firing.
The ability to generate strong rebound bursts in Transient Burst cells can thus be attributed in part to a faster activating and larger net LVA (T-type) Ca 2+ current at burst threshold.
Afterpotential characteristics distinguish Transient and Weak Burst cell types
We have previously determined that the lower frequency of rebound bursts in Weak Burst cells was due at least in part to the activation of K + channels, as blocking K + channels consistently uncovered a Ca
2+
-sensitive rebound depolarization (Molineux et al. 2006) . The difference in rebound burst capabilities between Transient and Weak Burst cells should then also reflect a difference in the expression of K + channel subtypes. We thus compared the characteristics of spike repolarization and afterpotentials in Transient and Weak Burst neurons during tonic firing and after a 1 sec membrane hyperpolarization to ~ -90 mV (Fig. 4 ). All spike parameter measurements were taken in reference to spike threshold, which was used to define the fAHP, DAP, and sAHP ( Fig. 3A ) (see Methods). We found no significant difference in the absolute spike threshold between Transient and Weak Burst cell types (Transient Burst, -46 ± 0.7 mV, n = 47; Weak Burst, -45 ± 0.7 mV, n = 62, p > 0.05). Similarly, no significant differences were found between Transient and Weak Burst cells for several other parameters, including input resistance, spike rate of rise, spike repolarization rate, or peak DAP latency (data not shown) (see also Fig. 1 ).
A comparison of spike afterpotentials revealed that repolarizing currents were stronger in Weak Burst cells in terms of a larger fAHP (-14.1 ± 0.6 mV; n = 62) than in Transient Burst cells (-6.7 ± 0.4 mV; n = 47) ( Fig. 4A-C) . This difference was maintained during the rebound burst phase, with the fAHP depth being more negative with respect to spike threshold in Weak Burst cells (-13.7 ± 0.6 mV; n = 62) than Transient Burst cells (-6.2 ± 0.6 mV; n = 47) (see Table 1 ). Therefore one distinguishing characteristic between the two burst phenotypes is the fAHP during either tonic or burst firing.
DAPs can be an important factor in promoting burst discharge during high frequency firing in a variety of neurons (Azouz et al. 1996; Bourque et al. 1986; Fernandez et al. 2005; Stuart et al. 1997 ).
Both Transient and Weak Burst cell types had readily identifiable DAPs (Fig. 4, A and B) . A comparison of the absolute amplitude of the DAP during tonic spiking (determined from the trough of the fAHP to the peak of the DAP) revealed no significant difference between Transient and Weak Burst cell types (Fig. 4D) . However, the DAP depolarized the membrane much closer to spike threshold in Transient compared to Weak Burst cells. Thus, the peak of the DAP during tonic firing in Transient Burst cells was only -4.5 ± 0.4 mV (n = 47) below spike threshold as compared to -12.6 ± 0.6 mV (n = 62) in Weak Burst cells (p < 0.05). The absolute amplitude of the DAP significantly increased between tonic and rebound spiking in Weak Burst cells, increasing from 1.4 ± 0.2 mV to 2.9 ± 0.3 mV (n = 62, p < 0.05). Nevertheless, the peak of the DAP was still far below spike threshold even during the rebound phase (absolute difference of -10.9 ± 0.6 mV; n = 62). Note that the DAP amplitude could not be measured during rebound spiking in Transient Burst cells as the peak of the DAP and the next spike began to merge (Fig. 4B) . Thus, it was not possible to fully define whether an increase in DAP amplitude contributed to rebound spiking in Transient Burst cells. However, it is likely that summation of the DAP and the depolarization underlying the rebound burst in Transient
Burst cells contributes to burst generation. These data again suggest a greater influence of repolarizing currents in Weak Burst cells that act to decrease the DAP and maintain its relationship to spike threshold, thus acting to regulate burst firing more than in Transient Burst cells.
The frequency of tonic spike firing in a neuron is often determined by the magnitude of the sAHP. We again found that the sAHP attained a larger amplitude and thus more hyperpolarized peak value during tonic firing in Weak Burst than in Transient Burst cells (Weak Burst sAHP amplitude, 20.5 ± 0.6 mV, n = 62; Transient Burst, 16.5 ± 0.4 mV, n = 47) (Fig. 4E ). The sAHP in Transient Burst cells could not be measured during rebound spiking (Fig. 4B) . However, during the rebound spiking phase the sAHP was reduced in Weak Burst cells to 15.7 ± 2.1 mV (n = 47) compared to tonic spiking (Fig. 4E) . It can not be resolved with the current information as to whether the decrease in sAHP during the rebound reflects a reduction of Ca 2+ mediated K + current after membrane hyperpolarization, or simply competition with the depolarization of the underlying rebound currents.
In any case these shifts likely determine, at least in part, the frequency of rebound discharge. We next attempted to eliminate the DAP by selectively blocking dendritic Na + channels. Given the multipolar orientation of DCN cell dendrites and axon, we could not adopt the approach of pressure ejecting a drug in the dendritic vs somatic region (Turner et al. 2002) . Therefore, we perfused all processes of a recorded cell by bath applying TTX (200 nM) while protecting the soma with a constant stream of control aCSF from a pressure electrode placed immediately adjacent to the soma.
We established that this procedure could be effective for ~ 2 min in that the somatic Na + spike amplitude and rate of rise remained stable, while stopping the pressure ejection allowed TTX in the bath medium to quickly block the spike. By bath applying TTX while protecting the soma, we could find no evidence for a block of the DAP while the somatic spike remained intact, suggesting that TTXsensitive ion channels in dendritic or distal axonal membrane are not involved in generating the DAP.
Eventually the TTX in the bath aCSF penetrated the protective stream of control aCSF perfusing the soma and slowly reduced the somatic Na + spike amplitude (Fig. 5C ). Under these conditions the amplitude of both the Na + spike and DAP decreased in tandem, with evidence for a vestigial DAP even when spike amplitude had been reduced to a small pre-potential. These effects were consistent for both Transient and Weak Burst neurons (n = 6 and 5).
One explanation for the close association between the Na + spike and DAP could be the activation of a slow Na + current or the resurgent Na + current that is known to be expressed in DCN cells (Afshari et al. 2004) . To further test the dependence of the DAP on Na + currents, we recorded from cells during bath application of 200 nM TTX. We then delivered a short duration current pulse designed to mimic a Na + spike-like voltage transient (Fig. 5, D -F anything was slightly increased in amplitude, presumably due to non-specific effects on K + channels at this concentration ( Fig. 5F ; n = 3 and 3). To verify that the DAP generated by the simulated spike command was a result of membrane properties and not a compensation artefact we applied the same current waveform to the small diameter DCN cells (<10 µm, presumably inhibitory interneurons).
These cells do not generate a DAP in vitro under physiological conditions, and did not generate a DAP in response to the spike-like transient in 200 nM TTX ( Fig. 5G ; n = 3).
We can further rule out the depolarizing action of a Ca -activated currents we have tested here. The primary remaining alternative is that the DAP is generated through a passive discharge of membrane capacitance following charging by the somatic Na + spike (see Discussion).
The expression of K + channels for spike repolarization and AHPs
Maintaining a high frequency of firing or a rapid shift to a rebound burst of spikes depends on the expression of ion channels that regulate spike repolarization and AHPs (fAHP and sAHP). Spike repolarization and the fAHP are often mediated by the high threshold class of Kv3 K + channels or channel or I sAHP (Sah 1996) . (Fig. 6 ). In general, immunolabel was evident in all three DCN nuclei. In all cases omission of the primary antibody eliminated the immunolabel. The expression of two subtypes of the Kv3 K + channel family are shown in Figure 6A and B in relation to MAP-2 immunolabel that was used as a general cytoskelatal marker to visualize channel distribution over the soma and dendritic axis. These images reveal Kv3.1 and Kv3.3 immunolabel primarily over somatic membranes and the proximal 50 µm of dendrites of large diameter cells. Labeling was detected as a diffuse signal in the cytoplasmic region but also as a membrane-associated label that delineated the membranes of the soma and proximal dendrites. The dendritic label was distinct in the proximal region and appeared to dissipate rapidly beyond this point despite the ability to resolve extended dendritic segments in the MAP-2 immunolabel. However, some individual dendritic branches positive for Kv3.1 immunolabel could be detected over at least 60 µm from the soma. We also attempted to immunostain for Kv3.2 and Kv3.4 channel distribution, but the results were ambiguous in providing no clearly defined cellular label (data not shown). By comparison, a punctate and putative membrane-associated label was detected for the KCa1.1 (BK) class of K Ca channel around large diameter cells (Fig. 6C) .
Finally, antibodies directed against members of the SK channel family (K Ca 2.1 and K Ca 2.2) revealed immunolabel in large diameter DCN cells as at least a diffuse cytoplasmic pattern (Fig. 6, D and E) .
Thus the large diameter DCN cells appear to express members of the SK, Kv3 and BK families of channels.
Ionic basis of tonic and rebound spike firing in Transient and Weak Burst neurons Transient Burst cell fAHP
To identify currents generating the fAHP in Transient and Weak Burst cells we applied blockers of the Kv3 and K Ca families of K + channels. We first examined the contribution of BK channels by applying Ni 2+ (1 mM) to abolish LVA currents recorded at burst threshold. For Transient
Burst cells bath application of Ni 2+ had no effect on fAHP depth during tonic firing or during the rebound phase of spike discharge (Fig. 7, A and F) . However, Ni 2+ application was effective at blocking the underlying rebound depolarization, as the rebound burst frequency was reduced by 60% (Fig. 7, A and F) . The more selective T-type Ca 2+ channel blocker Mibefradil (1 µM) again had no effect on the fAHP during tonic or rebound phases of spike firing but reduced the frequency of the rebound burst (Fig. 7D, F, and G) (Fig. 7 , B and F) ( Table 1) . In order to examine the role of K Ca currents we applied charybdotoxin (CBTX; 100 nM) to block BK channels (Coetzee et al. 1999) . The effects of CBTX were nearly identical to those of Cd 2+ in significantly reducing the fAHP during the tonic and rebound phase but had no significant effect on rebound burst frequency (Fig. 7C, F, and G) . The similar results of Cd 2+ and CBTX application lead us to believe that they were acting predominantly on BK channels (Fig. 7F) Finally, we applied TEA at a concentration of 500 µM, a level that will act on BK channels, Kv3 channels and some members of the Kv1 K + channel family (Coetzee et al. 1999) . TEA significantly reduced spike repolarization in Transient Burst cells to the point of even preventing full repolarization to a subthreshold voltage during the tonic or rebound phase of spike firing (Fig. 7 , E and F) ( Table 1) . As a result rebound burst frequency was substantially reduced by TEA (Fig. 7G) .
The above results are all consistent with a significant contribution by Kv3 and BK K + channels to the fAHP in Transient Burst cells. The BK-mediated currents involved in spike repolarization further appear to be functionally associated with Ca 2+ influx through Cd 2+ -sensitive Ca 2+ channels that are distinct from the LVA (Mifebradil-sensitive) Ca 2+ channels involved in generating the rebound depolarization.
Weak Burst cell fAHP
The fAHP of Weak Burst cells reaches a significantly more hyperpolarized level than in Transient Burst cells (Fig. 4, A and B (Nelson et al. 2003) . In fact, Ca 2+ imaging has shown that the frequency of tonic spike discharge in DCN cells regulates the baseline levels of intracellular Ca 2+ (Muri and Knopfel 1994) , such that membrane hyperpolarization and loss of spike discharge will lead to a decrease in Ca 2+ availability. Alternatively, voltage-gated K + channels may be partially inactivated during tonic spiking and subsequently recover during hyperpolarization, resulting in a larger available K + current and hence an increased fAHP. Given the effects of CBTX during both tonic and rebound discharge, one potential contributor would be the highly CBTX-sensitive Kv1.3 K + channel that has been localized to DCN cells (Coetzee et al. 1999; Veh et al. 1995) . These mechanisms are not necessarily mutually exclusive and may operate concurrently even though our results cannot distinguish between them.
The currents mediating the fAHP also regulated burst frequency in Weak Burst cells (Fig. 8H ).
We found that spike frequency during the rebound phase was significantly increased by Cd
2+
, coapplied Ni 2+ / Cd 2+ , or CBTX. Because Cd 2+ and / or Ni 2+ did not significantly reduce the rebound fAHP but did increase rebound spiking we believe this effect was due largely to a reduction in the sAHP that often regulates firing rate (see Fig. 9 ) (Smith, 2002) . Another possibility may be that the slight reduction of the fAHP is able to augment rebound spiking through an increase in gain (Table 1) ( Mehaffey et al. 2005; Smith et al. 2002) . These data then affirm that a K Ca current (responsible for the fAHP and/or sAHP) restrains rebound discharge in Weak Burst cells.
Transient Burst and Weak Burst cell sAHP
Previous work has established that the SK family of K + channels predominately mediate the an exquisite sensitivity to this SK channel blocker. We also found that any disruption of resting internal Ca 2+ levels (i.e. using an EGTA concentration above 0.1 mM in the whole cell pipette solution) or recording at room temperature promoted these slow oscillations.
We examined the effects of Ca 2+ and K + channel blockers to identify the currents underlying the sAHP. We found that Ni 2+ significantly reduced the sAHP only in Weak Burst neurons (Fig. 9, A and G) ( Table 1) . By comparison, Cd 2+ significantly decreased the sAHP in all cases (Fig. 9 , B and G).
When Ni 2+ and Cd 2+ were combined, the reduction of the sAHP was significantly greater than either drug alone (Fig. 9 , C and G) ( (Fig. 9, D and G) , confirming that Ni 2+ / Cd 2+ acts by blocking Ca 2+ activation of SK K + channels. Mibefradil had no effect on the sAHP of either Transient or Weak
Burst neurons (Fig. 9 , F and G) ( Table 1 ). The Ca 2+ influx that supports the sAHP in Weak Burst neurons thus does not likely correspond to T-type Ca 2+ conductance (Fig. 9, A and G (Fig. 9 , E and G) ( Table 1) . This indicates that CBTX-sensitive (BK) K + channels also contribute to at least the early phase of the sAHP in Weak Burst neurons. 
Discussion
2001
; Molineux et al. 2006; Ohtsuka and Noda 1992; 1991; Uusisaari et al. 2007 ). The current study focused on the large diameter cells that exhibit two phenotypes of rebound burst output in response to current-evoked hyperpolarizations in vitro (Molineux et al. 2006 
). Although it is uncertain under what conditions DCN neurons exhibit rebound bursts in vivo it is clear that they respond in a different
manner to specific aspects of sensory input and motor output. DCN neurons are recognized to respond selectively to different aspects of muscular control of saccadic eye movements (Ohtsuka and Noda 1992; 1991) , as well as opposing muscle actions on a given joint (Soteropoulos and Baker 2008) .
Studies in the interpositus nucleus of the cat revealed two populations of neurons that respond to eyelid conditioning; one that increase firing frequency and another that slow or pause spike firing (Delgado-Garcia and Gruart 2005; Gruart et al. 1997; Jimenez-Diaz et al. 2004) . A recent study confirmed these differences in the rat interpositus nucleus and noted that the pause cell lacked high frequency burst activity following Purkinje cell-induced hyperpolarizations (Chen and Evinger 2006) .
It is interesting to note that the ratio of pause to burst neurons found in the rat interpositus nucleus in vivo was reported as 69:31 (n = 131). This proves to be essentially identical to a ratio of 68:32 (n =
84) for Weak Burst compared to Transient Burst neurons we find in the interpositus nucleus in vitro,
providing a close parallel between at least these results. The different responses observed in vivo may then reflect at least in part differences in the intrinsic cellular properties of DCN neurons.
Ionic basis for rebound burst discharge
The current study identified several key intrinsic properties that underlie the two burst phenotypes of large diameter DCN neurons. Since both phenotypes can be recorded from any slice and age level examined here (P14-P20), we have no data at this time to suggest that these patterns reflect a developmental transition from one phenotype to the other, as several measured parameters of membrane excitability, spike or burst discharge do not change over this time frame (data not shown).
We also lack evidence to suggest that modulation of an ion channel (ie K -sensitive (T-type) current translates directly to an increase in the number and frequency of rebound spikes (Fig.   3 ). These results also serve to validate the accuracy of our measurements of LVA current available at -50 mV, and emphasize that even small variations in T-type current can exert an effect on cell output.
A strong relationship between T-type current density and cell output was also recently reported in inferior olivary cells (Chorev et al. 2006) .
Spike afterpotentials
Previous comparisons of spike output in DCN cells identified the presence of a fAHP, DAP and sAHP (Aizenman and Linden 1999; Czubayko et al. 2001) , although these studies did not differentiate between large cell bursting phenotypes. Two recent studies indicate that large diameter cells in the mouse or rat DCN characteristically exhibit all three of these afterpotentials (Molineux et al. 2006; Uusisaari et al. 2007 ). Our work now reveals key differences in spike afterpotentials between Transient and Weak Burst cells that set relative membrane excitability and the propensity for rebound burst discharge.
DAP generation
Many bursting cells generate a DAP that can contribute to high frequency firing and thus drive a burst of action potentials. The DAP recorded in Transient or Weak Burst cells proved to be quite small and of similar absolute amplitude (~1.5 mV). However, its interaction with an fAHP that is generated over a similar time frame allowed the DAP in Transient Burst cells to approach much more closely to spike threshold than in Weak Burst cells. Although assigning a specific role for the DAP in . We also found that it is not due to a Ca 2+ -activated Cl -conductance or non-specific cation channel. However, the amplitude of the DAP was tightly linked to that of the recorded somatic Na + spike (Fig. 5C ). In this regard, it has been established that a DAP can arise through current flow from distant regions of a cell due to differences in voltage that arise during spike conduction (Barrett and Barrett 1982; Fernandez et al. 2007; Fernandez et al. 2005; Turner et al. 2002; Yuste et al. 1994; Zhang et al. 1993) . Often the propagating spike is aided by active Na + or Ca 2+ conductances, although this does not appear to be necessary in DCN cells. The data at this time is then consistent with the DAP in large diameter DCN neurons arising through a passive discharge of distal regions of cell structure (dendritic or axonal) after charging by a somatic Na + spike. In support of this, a compartmental modeling study of vestibular neurons showed that DAPs could be generated by the addition of passive dendritic compartments (Quadroni & Knopfel, 1994) . Although alternative explanations do not present themselves at this time, we recognize that this interpretation may be modified with future experimentation.
Afterhyperpolarizing potentials
The ability for the DAP or rebound depolarization to bring a cell to spike threshold and trigger a burst of spikes proved to be differentially controlled by AHPs in Transient vs Weak Burst cells.
Pharmacological tests traced the differences in AHPs to the relative contribution of different K + channel subtypes as well as the potential Ca 2+ channels that provide the necessary Ca 2+ influx. increase is not currently known and not further examined in the present study.
Together these results define several key differences in spike afterpotentials that regulate membrane excitability and rebound responses. The expression of specific T-type Ca 2+ channel isoforms, the net LVA Ca 2+ current available at burst threshold, and K + currents have a significant impact on the ability to evoke rebound discharge. Thus, in Transient Burst cells, K + channels repolarize spikes effectively to ensure the ability for Cav3.1 Ca 2+ current (and the DAP) to generate fast bursts of spikes. In Weak Burst cells K + currents play a significant role in generating AHPs that downregulate the ability for a lower functional expression of Cav3.3 channels to generate a rebound depolarization and spike burst.
Burst phenotypes and cell identity
The properties between Transient Burst cells failed to identify an electrophysiological signature that could be easily used to distinguish the non-GABAergic and GABAergic members of this population (Fig. 1) .
We note that these differences may well be present but masked in the larger population of non- Purkinje cell inhibitory input. In fact, a great deal of work on the electrophysiological properties of MVN neurons allow for comparisons between cells in these structures (for review see (Straka et al. 2005) (Molineux et al. 2006 ) leaves open the possibility that modulation of BK or SK channels could transform firing patterns (Nelson et al. 2005a ). In addition, a range of burst output in Weak Burst neurons suggests that there may be multiple cell types with different patterns of ion channel expression that lead to more subtle differences in spike output.
Recent molecular studies on MVN neurons raise another interesting challenge to associating spike output properties with transmitter phenotype. A detailed whole cell recording and single cell RT-PCR study revealed that Type A MVN cells typically express GABA (Takazawa et al. 2004) . These neurons also share many electrophysiological properties with the small diameter GAD+ cells in mouse DCN (Uusisaari et al. 2007) . Understanding the full relationship between burst phenotype and transmitter content in relation to circuit function will thus require further work.
The current study has served to identify the ionic basis for several aspects of spike repolarization, afterpotentials, and rebound depolarizations, and how these factors interact to generate distinct phenotypes of burst output in large diameter rat DCN cells. While further work is required to determine whether these different forms of neuronal output perform distinct computations on Purkinje cell inhibitory input, a characterization of the ionic basis for spike firing in DCN cells is a crucial step towards understanding their possible functional roles. Control n = (47) 6.7 ± 0.4 6.2 ± 0.6 16.5 ± 0.5 234 ± 14 (62) 14.1 ± 0.6 13.7 ± 0.6 20.4 ± 0.7 37 ± 3 Ni 2+ (1 mM) (6) 4.3 ± 0.4 7.1 ± 1.6 10.7 ± 1.5 93 ± 2* (10) 8.3 ± 0.7* 9.6 ± 0.9 11.0 ± 0.9* 34 ± 6 Cd 2+ (50 M) (5) 1.7 ± 0.7* 1.9 ± 1.0* 6.6 ± 1.7* 277 ± 10 (7) 8.2 ± 0.9* 11.4 ± 1.3 10.9 ± 0.7* 75 ± 16* Ni 2+ & Cd 2+ (4) n/a n/a 1.0 ± 0.2* 182 ± 18 (4) n/a n/a 2.6 ± 0.2* 113 ± 13* CBTX (100 nM) (7) 1.5 ± 0.4* 1.4 ± 0.9* 15.4 ± 0.8 212 ± 10 (6) 6.3 ± 1.2* 3.3 ± 1.4* 12.4 ± 1.0* 75 ± 11* MIB (1 M) (8) 7.7 ± 0.9 7.3 ± 0.9 16.0 ± 1.4 103 ± 12* (7) 8.9 ± 1.3* 11.4 ± 1.2 17.7 ± 1.4 30 ± 3 TEA (500 M) (6) -18 ± 4.7* -5.2 ± 1.8* n/a 102 ± 5* (7) 2.9 ± 1.1* 3.1 ± 1.5* n/a n/a APA (100 nM) (5) n/a n/a 0.3 ± 0.2* 268 ± 3 (5) n/a n/a 0.02 ± 0.02* 194 ± 22* CBTX = charybdotoxin; MIB = Mibefradil; TEA = tetraethylammonium; APA = apamin. n values are shown in brackets. * indicates significance from control at p < 0.05.
